Surface properties of biochars derived from seaweed Sargassum sp. were observed as obvious difference to those from agricultural wastes. In this study, the adsorptive removal of two types of antibiotics, tetracycline (TC) and cefradine (CF), on the biochar were compared and discussed herein. The rod-like tissues of the raw seaweed swelled to be spindle-like at pyrolytic temperature above 400°C. The carbon content was increased from 22.9% of the raw seaweed to 37.2% of the biocharpyrolyzed at 600°C (BC600), while the oxygen content was just increased slightly from 24.7% to 27.8%. The uptake of both TC and CF on the biochar was found to be pH-dependent. The maximum adsorption capacities of TC and CF calculated from the Langmuir model were 128.1 and 61.7 mg/g, respectively, while more CF molecules were adsorbed on biochar at a low adsorbate concentration. Both the Coulombic interaction and π-π electron-donor-acceptor interaction between seaweed biochar and CF/TC molecules played the predominant roles during the adsorption process. The experimental data was well fitted by the pseudo-second-order kinetics model, indicating a possible chemisorption process to some extent. Isotherm result implied that both surface adsorption and partitioning contributed to the uptake of TC and CF onto BC600.
Introduction
As one of the most attractive water treatment technologies, adsorption process has been studied and applied for practical treatment. During the adsorption process, pollutants could be concentrated and adsorbed on the adsorptive materials without generation of any toxic intermediates, and further separated from treated water via filtration or centrifugation [1, 2] . As such, numerous adsorbents have been developed for removing inorganic contaminants (e.g., heavy metals, arsenic and fluoride) and organic contaminants (e.g., dyes) from water. On the other hand, to evaluate the removal efficiency of contaminant degradation from aqueous medium, electrochemical sensors as a new approach developed which is relatively cheaper compared to the other common analytical methods such as atomic absorption spectroscopy (AAS), inductively coupled plasma optical emission and mass spectroscopy (ICP-OES and ICP-MS) and ion chromatography (IC) and applied widely as sensitive diagnostic tools recently [3] [4] [5] [6] [7] [8] [9] [10] .
Carbon-based adsorbents are generally advantageous for removing organic pollutants due to their large surface area, high affinity towards organic matters and ease of regeneration. Among them, low-cost biochars derived from natural biomasses or agricultural wastes have attracted increasing attention on their performance of water treatment. The preparation of biochar offers the chance to turn bioenergy into a carbon-negative industry, with carbon sequestration and gas capture, which are expected to be a carbon-neutral energy source [11, 12] . On the other hand, biochar has shown promising application potential in environmental management, including soil improvement, waste management, climate change mitigation, and energy production [13] [14] [15] . In particular, biochar is also considered as an environmentally friendly adsorbent for adsorptive removal of organic/inorganic contaminants from soil and water [16] [17] [18] . Various biomasses such as agricultural wastes have been reportedly utilized to prepare biochar with a great adsorption capability of organic pollutants. Even though, the raw biochar has limited ability to adsorb contaminants from aqueous solution while the adsorption capability for various contaminants depends on its physical and chemical properties affected by feed stocks, pyrolysis technologies and pyrolysis conditions [19] .
Further, the study on the adsorptive performance of biochar derived from marine biomasses, e.g., seaweed, has not yet been fully reported. Abundant marine biomasses are expected to be utilized as low-cost adsorbent for the management of various environmental contaminants. Seaweed Sargassum sp., as an ideal biosorbent that has a fiber-like structure and an amorphous embedding matrix of various polysaccharides as well as some highly complex organic compounds both within the cell wall and in the intercellular substance, can effectively remove heavy metal ions with concentrations ranging from few ppm to several hundreds ppm [20] [21] [22] [23] . Since the possible organic leaching from Sargassum sp. and the resulting secondary pollution problem, direct application of raw seaweeds for the adsorptive removal of organic contaminants is lack of practical application potential. In view of the unique characteristics of Sargassum sp., the biochar derived from Sargassum sp.is expected to have a novel porous micro-structure and large surface area, which could help enhance the adsorptive removal of contaminants accordingly. Therefore, the modification or conversion of Sargassum sp. prior to application is a better choice to develop more stable and efficient adsorbents for removing organic contaminants.
In our previous study, layered carbon particles synthesized by using concentrated acid to carbonize seaweed Sargassum sp. have shown excellent adsorptive capability despite of the high cost for the carbon particle preparation [24, 25] . Meanwhile, pharmaceutical and personal care products (PPCPs) have attracted wide attention in recent studies [26] [27] [28] [29] [30] [31] . As antibiotics are not easily biodegradable and can cause numerous ecological impacts, residual antibiotics are capable of increasing the antibiotic resistance of bacteria in marine ecosystems, while bioaccumulation and biomagnification in aquatic organisms are another major ecological impact of residue antibiotics [32] [33] [34] . Antibiotics, tetracycline and cefradine have similar molecular weight while their functional groups are largely different. It might be interesting to compare their adsorption performance and explore some significant results. In this study, seaweed biochar was developed via a simple and cost-effective pyrolysis method, and innovatively applied for adsorptive removal of two typical emerging PPCPs, tetracycline and cefradine. A series of batch experiments were conducted to evaluate and compare the adsorption performance of tetracycline and cefradine on seaweed biochar in this paper, and the adsorption mechanism was discussed as well.
Materials and methods

Materials and apparatus
Tetracycline hydrochloride (TC, molecular weight 444) was purchased from Solar biolife sciences company (Beijing, China). Cefradine (CF, molecular weight 349) was from Tianjin Fengfan chemical reagent company (Tianjin, China). Both TC and CF were used without further purification. Other chemicals used were of analytical grade. Deionized (DI) water was used to prepare all solutions.
Preparation of seaweed biochar
Seaweed Sargassum sp. was collected from the west coast of Singapore. The seaweed biomass was washed, dried, crushed and sieved using a 40 mesh sieve. The pretreated biomass was put into a ceramic pot with pressed state and covered with a fitting lid. Under an oxygen-limited condition, the biomass was pyrolyzed at different temperatures for 3 h. The resultant biochar was placed in a 4 mol/L HCl solution for 12 h and separated by filtration. Then, the biochar residues were rinsed with DI water until a neutral solution pH was achieved. The product was subsequently oven-dried overnight at 80°C. The treated biochar was finally preserved in a desiccator for further use. The seaweed biochars pyrolyzed at 400°C and 600°C were designated as BC400 and BC600, respectively.
Batch adsorption experiment
The stock solutions of TC and CF (500 mg/L) were freshly prepared by respectively dissolving a certain amount of TC and CF in DI water and then stored in a refrigerator at 277 K. The working solutions with desired concentrations of TC and CF were prepared by diluting stock solutions with DI.
In the experiments of pH effect and adsorption isotherm, the concentration of TC or CF was 20 mg/L, and the dose of seaweed biochar was 0.4 g/L. After shaking at 145 rpm for 24 h, samples were collected and filtered through a 0.45 μm syringe membrane filter before concentration measurement. The reaction temperature was kept constant at 298 K. Solution pH adjustment was effected by the addition of a diluted HNO 3 or NaOH at neutral pH except during the pH effect study itself. For the kinetics study, 400 mg of seaweed biochar was added into 1000 mL of 20 mg/L TC or CF solution.
Regeneration and reuse of biochar
The exhausted seaweed biochar BC600 was separated from the previous experiments, washed by DI water and dried at room temperature. Then, 100 mg of the exhausted biochar BC600 was added into 300-mL conical flask containing 150-mL solution with different concentrations of NaOH or HCl (0.01 and 0.1 M). The mixtures were agitated at 120 rpm for 6 h at room temperature. After that, the biochar was collected, washed by DI water to neutral pH conditions and dried at 353 K for next cycle of adsorption experiment.
Characterization of biochar
The surface morphologies of the raw seaweed and seaweed biochars pyrolyzed at different temperatures were observed by a scanning electron microscope (SEM) coupled with an energy dispersive X-ray (EDX) spectrometer (Philips Quanta 2000, Netherlands). The specific surface areas of biochars were measured by the Brunauer, Emmett and Teller (BET) method via a surface area and pore-size analyzer (NOVA 2200 e, USA). Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a Nicolet NEXUS 470 FTIR spectrophotometer. The samples were prepared in the form of KBr pellets and scanned in a range of 400 to 4000 cm -1 . The zeta potential of biochar pyrolyzed at 600°C was determined by using a zeta potential analyzer (Zetasizer 2000, Malvern Co., UK). The particle concentration of the biochar in the testing solution was 200 mg/L. NaNO 3 was used as a background electrolyte to maintain an appropriately constant ionic strength of 0.01 M. After being mixed for 48 h, 20 mL of suspension was transferred to a sample tube. The zeta potential was then measured by electrophoresis analysis.
Concentration analysis
The concentrations of TC and CF were analyzed using an UVmini-1240 spectrophotometer (Shimadzu, Japan) by monitoring emissions at the wavelength of maximum absorption at 360 and 264 nm, respectively [35, 36] .
The adsorption capacities were calculated as following:
where q e and q t (mg/g) are the adsorption capacities at equilibrium and time t (min); C 0 (mg/L) is the initial concentration of TC or CF in solution, while C e and C t (mg/L) are the concentrations of TC or CF at equilibrium and t (min), respectively; V (L) is the volume of solution, and W (g) is the mass of the seaweed biochar used.
Results and discussion
Characterization of the seaweed biochar
SEM and EDX
The SEM images of the raw seaweed Sargassum sp., and the seaweed biochars pyrolyzed at 400°C (BC400) and 600°C (BC600) are presented in Fig. 1. From Fig. 1a and 1b, it can be found that the compact raw seaweed was composed of rod-like and granular tissues. The length of rods was within 20 μm while the size of particles was below 2 μm. After pyrolysis at 400°C, the rod-like tissues seemed to become spindle-like particles with more well-defined structure and no granular particles fully is shown in Fig. 1c . As shown in Fig. 1d , the spindle-like particles was further carbonized and destroyed at pyrolysis temperature of 600°C, resulting in a more compacted structure of seaweed biochar.
As presented in Fig. 2 , the element contents of C, N and O, and the molar ratios of O/C and (O + N)/C in the raw seaweed, BC400 and BC600 were roughly determined by EDX. It is worth to note that the carbon contents of raw seaweed, BC400 and BC600 were not as high as expected, with carbon contents increasing from 22.9% of the raw seaweed to 37.2% of BC600, which were only about half of those from the raw bagasse and the related biochars reported in our previous study [37] . The low carbon contents in raw seaweed and BC600 might be due to the presence of plentiful polysaccharide and protein within the raw seaweed. The adsorption performance of the seaweed and the related biochars might be therefore of obvious difference with the agricultural waste and related biochars. Similarly, the N and O contents increased from 2.9% and 24.7% of the raw seaweed to 4.1% and 27.8% of the seaweed biochar BC600, respectively. The relative molar ratios of O/C and (O+N)/C before and after pyrolysis treatment could reflect the change of surface hydrophilicity and functional groups of the seaweed and biochars to some extent. After the pyrolysis at 600°C, the molar ratios of O/C and (O+N)/C decreased from 81.2% to 56.2% and from 92.2% to 65.7%, respectively. The reduction of O/C molar ratio indicated that the biochar surface became less hydrophilic, while the decrease of (O+N)/C molar ratio, a polarity index implied the loss of the surface polar functional groups [38] [39] [40] . Compared to the bagasse and the related biochars, seaweed and BC600 had higher molar ratios of O/C and (O+N)/C, suggesting that biochar derived from seaweed could retain more polar functional groups on the surface and facilitate the diffusion and adsorption of polar organic pollutants on the biochar surface.
BET surface area
BET surface areas and average pore sizes of the raw seaweed, and seaweed biochar BC400 and BC600 were measured and are presented in Fig. 3 . Generally, the surface area of biomass could significantly increase after pyrolysis treatment at high temperatures. As illustrated in Fig. 3 , the BET surface areas of BC400 and BC600 respectively reached 10.58 and 10.68 m 2 /g, nearly 15 times higher than that of raw seaweed (0.68 m 2 /g), although these values were not so high as those of other biochars previously reported. Different from the surface areas, the average pore size of seaweed biomass increased from 6.58 nm to 7.41 nm after pyrolysis treatment at 400°C, and further increased to 7.95 nm for BC600. Thus, the pyrolysis temperature raised from 400°C to 600°C seemed to have a neglectable effect on the enhancement of special surface area of biochar but could further increase the average pore size.
FTIR
The FTIR spectra of the raw seaweed and seaweed biochar samples prepared at different pyrolytic temperatures are shown in Fig. 4 . The strong band at 3417 cm −1 was assigned to the stretching vibration of hydroxyl groups. The band strength gradually reduced with increasing pyrolytic temperature, indicating the significant loss of moisture and water of hydration due to pyrolysis process. The bands at 2920 cm −1 (aliphatic C-H stretching), 1640 cm −1 and 1418 cm −1 (-COOH stretching) nearly disappeared when pyrolysis temperature were higher than 400°C [20] . A new band at 1723 cm −1 assigned to C=O group appeared at 200 and 300°C but diminished and disappeared at 500°C and 600°C, which was also observed by other researchers [41, 42] . This implied that the maximum content of C=O functional groups on the biochar surface could be achieved during the pyrolysis process at around 300°C, which might be responsible for the change of oxygen content on the biochars. Average pore size (nm) Fig. 3 . BET surface areas and average pore sizes of the raw seaweed, seaweed biochar BC400 and BC600.
Effect of solution pH on the adsorption of TC and CF
On the basis of the stability and surface properties of seaweed biochars, BC600 was selected to evaluate the adsorption performance of TC and CF. The effect of solution pH was conducted in the pH range of 4.0 to 10.0 and results were shown in Fig. 5 . The adsorption of TC and CF was found to be highly pH-dependent and the acidic condition was favorable for the contaminants uptake. The variation of uptake at different pH indicated that H-bond was formed during adsorption. The optimal adsorption was achieved at pH 4.0 for both TC and CF with the adsorption capacities of 8.8 and 36.2 mg/g, respectively, and gradually decreased with the increase in solution pH. The uptake of CF was higher than that of TC in the testing pH range.
Generally, the surface charge of the biochar should be greatly affected by solution pH and a more negatively-charged biochar surface is theoretically favorable for the adsorption of positively charged pollutants due to Coulombic attraction [5] . Zeta potential of the biochar BC600 as s function of solution pH is presented in Fig. 6 . The surface charge in the pH range of 3.0~10.0 turned to be more negative with the increasing solution pH. Compared to bagasse biochar pyrolyzed at 600°C reported in our previous study, biochar derived from seaweed at the same pyrolysis temperature (BC600) seemed to have a relatively lower surface charge, indicating the surface properties of biochar could be determined by their biomass precursor.
Although TC and CF have similar molecular weight, they would exist in different ionic forms in water due to protonation or deprotonation of their different functional groups at different pHs. Amphoteric TC molecules may mainly exist in a cationic form at pH < 3.3, resulting from the protonation of dimethylammonium group. At the pH ranging from 3.3 to 7.68, it would present as a zwitter ion due to the loss of proton from the phenolic diketone moiety. At pH > 7.68, it mainly exists as an anion when the tricarbonyl system and phenolic diketone moiety deprotonated [43, 44] . In contrast, the CF molecules containing typical functional groups,including aminogroup and carboxyl group, have pK a values of 7.3 and 2.5. It was therefore deduced that CF molecules could become more negatively charged at lower solution pH than TC. Compared to TC, a lower uptake of CF was expected as a consequence of a higher Coulombic repulsion force between CF and BC600. However, the uptake of CF was higher than that of TC within the whole pH range examined. Additionally, there was similar difference on the adsorption performance of BC 600 for both CF and TC at pH > 7 in which the Coulombic repulsion between BC600 and CF/TC molecules should be enhanced with the increasing pH. So it could be concluded that the Coulombic interaction between seaweed biochar and CF/TC molecules would slightly affect the adsorption process.
Since the seaweed biochar BC600 had a highly graphitized surface with relatively high π-electron density, it could work as π-electron donors. TheTC and CF molecules were generally regarded as π-electron acceptors, leading to a mechanism of π-π electron-donor-acceptor (EDA) interaction involved in the enhancement of adsorption onto BC600 [ [45] [46] [47] . As the protonated and neutral species of TC and CF were more effective π-electron acceptors, a slight reduction in TC and CF uptake was expected under alkaline conditions. This was consistent with results from the pH effect study. Thereby, it was deduced that the EDA interaction between BC600 and CF is stronger than that between BC600 and TC, yielding a comparatively higher uptake of CF on BC600.
Adsorption kinetics
Adsorption kinetics of TC and CF onto the seaweed biochar BC600 was investigated at pH 5.0, 7.0 and 9.0, respectively. Similar adsorption kinetics performances were observed for both antibiotics. For simplicity, only the adsorption kinetics of TC is presented in Fig. 7 . Two kinetics models including pseudo-first-order and pseudo-second-order models were used to fit the kinetics data. The mathematical equations of the linear and non-linear models of the pseudo-first-order and the pseudo-second-order kinetics are those available in the literature [48, 49] : 
where q e and q t are the adsorption capacities (mg/g) at equilibrium and at time t (minutes), respectively; and k 1 (min -1 ) and k 2 (g/mg·min) are the related adsorption rate constants for the pseudo-first-order and the pseudo-second-order model, respectively.
The linear and non-linear kinetic parameters for the adsorption of TC are presented in Table 1 . Based on the correlation coefficients (R 2 ), the experimental data can be better fitted by the pseudo-second-order kinetics model in both linear and nonlinear forms, indicating that the uptake of TC onto the seaweed biochar might be a chemisorption process to some extent. According to the values of k 2 , the adsorption of TC on seaweed biochar BC600 at pH 7.0 was relatively faster than that at pH 5 and 9. This was beneficial for its practical application on the treatment of contaminated natural water (pH at around 6.8).
Adsorption isotherms
Adsorption isotherm study can provide key information for the surface properties and the adsorption behaviour of an adsorbent. The isotherm data was simulated by both the Langmuir and the Freundlich isotherm models. The saturated monolayer Langmuir isotherm can be represented as [50] :
where q e is the amount of antibiotics adsorbed onto BC600 (mg/g), C e is the equilibrium concentration (mg/L), q m is the maximal adsorption capacity of BC600 (mg/g) and k L is the equilibrium adsorption constant related to the affinity of binding sites (L/mg). The Freundlich isotherm is an empirical equation mostwidely used in describing adsorption on a heterogeneous surface. It is commonly described as [51] : 
where k F (mg
/g) and n are the Freundlich constants related to the adsorption capacity and adsorption intensity of the adsorbent, respectively.
The adsorption isotherms for TC and CF onto the seaweed biochar BC600 at 298 K and the fitting lines from both the Langmuir and the Freundlich models are shown in Fig.  8 . According to the parameters listed in Table 2 , both the Langmuir and the Freundlich models seemed to work well for fitting the experimental data as the experimental points were quite close to the simulated curves and R 2 values with both models were acceptable (higher than 0.92).The maximum adsorption capacities calculated from the Langmuir model for TC and CF were 128.1 and 61.7 mg/g, respectively. Note that a higher adsorption capacity of CF could be obtained at low equilibrium concentration than that of TC.
Since the relative contribution of adsorption could be increased with increasing pyrolytic temperature, the contribution from the adsorption was shown to be higher than that of partitioning to total sorption for the biochars of orange peel treated under comparatively higher temperatures (>500°C) [38] . As presented in Fig. 8 , linear simulation of the adsorption isotherm data for the two antibiotics were also conducted. The R 2 values for the uptake of TC and CF were 0.939 and 0.865, respectively, indicating that the adsorption curves for both antibiotics were quasi-linear and partition mechanism plays a certain role in the adsorption process as well.
Regeneration and reuse
The seaweed biochar of BC600 after the adsorption was collected, washed and added into different regenerating solutions, e.g., NaOH or HCl (0.01 and 0.1 M), to evaluate its regeneration and reusability. After regenerating for 6 h, the biochar was used for next cycle of adsorption experiment. As shown in Fig. 9 , the removal efficiency of regenerated biochars by using 0.1 M HCl, 1 M HCl, 0.1 M NaOH and 1 M NaOH as regenerating solutions could achieve 89.2%, 90.0%, 91.2% and 90.3%, respectively. The solution of 0.1 M NaOH had a slightly better performance to regenerate the seaweed biochar and it was recommended to regenerate the spent biochar Accordingly, the removal efficiency of biochars regenerated in three cycles could reach 91.2%, 88.9% and 84.7%, respectively.
Conclusion
Seaweed biochar prepared through a simple pyrolysis process was applied for comparative adsorption removal of antibiotics tetracycline (TC) and cefradine (CF). The spindle-like morphology of prepared biochar pyrolyzed at 600°C (BC600) had a more compacted structure. The biochar became more hydrophobic and carbon-rich with increasing pyrolytic temperature. The uptake of both TC and CF decreased gradually with increasing solution pH while the uptake of CF was evidently higher than that of TC at a low The π-π electron-donor-acceptor (EDA) interaction between BC600 and CF was stronger than TC, yielding a comparatively higher adsorption capacity of CF on BC600. Kinetics data can be fitted better by the pseudo-second-order kinetic model, indicating a possible chemisorptions process to some extent. Isotherm study suggested that both surface adsorption and partitioning contributed to the uptake of TC and CF onto BC600.
